We search for the fastest stars in the subset of stars with radial velocity measurements of the second data release (DR2) of the European Space Agency mission Gaia . Starting from the observed positions, parallaxes, proper motions, and radial velocities, we construct the distance and total velocity distribution of more than 7 million stars in our Milky Way, deriving the full 6D phase space information in Galactocentric coordinates. These information are shared in a catalogue, publicly available at http://home.strw.leidenuniv.nl/ marchetti/research.html. To search for unbound stars, we then focus on stars with a median total velocity in the Galactic rest frame > 450 km s −1 . This cut results in a clean sample of 165 sources with reliable astrometric parameters and radial velocities. Of these, 28 stars have probabilities greater than 50 % of being unbound from the Galaxy. On this latter sub-sample, we perform orbit integration to characterize the stars' orbital parameter distributions. We find 2 to 5 hypervelocity star candidates, stars that are moving on orbits consistent with coming from the Galactic Centre, and 9 hyper-runaway star candidates, coming from the Galactic disk. Surprisingly, the remaining unbound stars cannot be traced back to the Galaxy, including our two fastest stars (above 700 km s −1 ). These may constitute the tip of the iceberg of a large extragalactic population or the extreme velocity tail of stellar streams.
INTRODUCTION
Stars with extremely high velocities have been long studied to probe our Galaxy. The interest in the high velocity tail of the total velocity distribution of stars in our Milky Way is twofold. First, it flags the presence of extreme dynamical and astrophysical processes, especially when the velocity of a star is so high that it approaches (or even exceeds) the escape speed from the Galaxy at its position. Secondly, high velocities stars, spanning a large range of distances, can be used as dynamical tracers of integral properties of the Galaxy. The stellar high velocity distribution has for example been used to trace the local Galactic escape speed and the mass of the Milky Way (e.g. Smith et al. 2007; Gnedin et al. 2010; Piffl et al. 2014) . To put the concept of high velocity in context, the value of the escape speed is found to be ∼ 530 km s −1 at the Sun position, it increases up to ∼ 600 km s −1 in the central regions of the Galaxy, and then falls down to 400 km s −1 at Galactocentric distances ∼ 50 kpc (Williams et al. 2017 ). We adopt a minimum threshold of 450 km s −1 to define the "high velocity" tail of the Galactic velocity distribution.
A first class of objects that can be found in this tail is fast halo star. Their measured dispersion velocity is around 150 km s −1 (Smith et al. 2009 ; Evans et al. 2016) , therefore 3-σ outliers can E-mail: marchetti@strw.leidenuniv.nl exceed this threshold, while remaining bound. Halo stars could also reach unbound velocities, when they are part of the debris of tidally disrupted satellite galaxies, like the Sagittarius Dwarf galaxy, that has not yet virialized (e.g. Abadi et al. 2009 ). Velocities outliers in the bulge and disc velocity distribution may also exist and become apparent in a large data set.
"Runaway stars" (RSs) form an another class of high velocity stars. They were originally introduced as O and B type stars traveling away from the Galactic disk with velocities higher than 40 km s −1 (Blaauw 1961) . Theoretically, there are two main formation channels: i) dynamical encounters between stars in dense stellar systems such as young star clusters (e.g. Poveda et al. 1967; Leonard & Duncan 1990; Gvaramadze et al. 2009 ), and ii) supernova explosions in stellar binary systems (e.g. Blaauw 1961; Portegies Zwart 2000) . Both mechanisms have been shown to occur in our Galaxy (Hoogerwerf et al. 2001) . Typical velocities attained by the two formation channels are of the order of several hundreds of km s −1 (Portegies Zwart 2000; Przybilla et al. 2008; Gvaramadze et al. 2009; Gvaramadze & Gualandris 2011; Silva & Napiwotzki 2011) , but simulations indicate that the majority of runaway stars from dynamical encounters have ejection velocities 200 km s −1 (Perets & Šubr 2012) . Recent results show that it is possible to achieve ejection velocities up to ∼ 1300 km s −1 for low-mass G/K type stars in very compact binaries (Tauris 2015) . Nevertheless, the rate of production of unbound RSs, referred to as hyper runaway stars (HRSs), is estimated to be as low as 8 · 10 −7 yr −1 (Perets & Šubr 2012; Brown 2015) .
As a class, the fastest stars in our Galaxy are expected to be hypervelocity stars (HVSs). These have been first theoretically predicted by Hills (1988) as the result of a three-body interaction between a binary star and the massive black hole in the Galactic Centre (GC), Sagittarius A * . Following this close encounter, a star can be ejected with a velocity ∼ 1000 km s −1 , sufficiently high to escape from the gravitational field of the Milky Way (Kenyon et al. 2008; Brown 2015) . The first HVS candidate was discovered by Brown et al. (2005) : a B-type star with a velocity more than twice the Galactic escape speed at its position. Currently about ∼ 20 unbound HVSs with velocities ∼ 300 -700 km s −1 have been discovered targeting young stars in the outer halo of the Milky Way ). In addition, tens of mostly bound candidates have been found at smaller distance range but uncertainties prevent the precise identification of the GC as their ejection location (e.g. Hawkins et al. 2015; Vickers et al. 2015; Zhang et al. 2016; Marchetti et al. 2017; Ziegerer et al. 2017) . HVSs are predicted to be ejected from the GC with an unknown rate around 10 −4 yr −1 (Yu & Tremaine 2003; Zhang et al. 2013) , two orders of magnitude larger than the rate of ejection of runaway stars with comparable velocities from the stellar disc (Brown 2015) . Because of their extremely high velocities, HVS trajectories span a large range of distances, from the GC to the outer halo. Thus HVSs have been proposed as tools to study the matter distribution in our Galaxy (e.g. Gnedin et al. 2005; Sesana et al. 2007; Kenyon et al. 2014; Rossi et al. 2017; Fragione & Loeb 2017, Contigiani et al., in preparation) and the GC environment (e.g. Zhang et al. 2013; Madigan et al. 2014 ), but a larger and less observationally biased sample is needed in order to break degeneracies between the GC binary content and the Galactic potential parameters . Using the fact that their angular momentum should be very close to zero, HVSs have also been proposed as tools to constrain the Solar position and velocity (Hattori et al. 2018 ). Other possible alternative mechanisms leading to the acceleration of HVSs are the encounter between a single star and a massive black hole binary in the GC (e.g. Yu & Tremaine 2003; Sesana et al. 2006 Sesana et al. , 2008 , the interaction between a globular cluster with a single or a binary massive black hole in the GC (Capuzzo-Dolcetta & Fragione 2015; Fragione & Capuzzo-Dolcetta 2016) , and the tidal interaction of a dwarf galaxy near the center of the Galaxy (Abadi et al. 2009 ). Another possible ejection origin for HVSs and high velocity stars in our Galaxy is the Large Magellanic Cloud (LMC, Boubert & Evans 2016; Boubert et al. 2017; Erkal et al. 2018) , orbiting the Milky Way with a velocity ∼ 380 km s −1 (van der Marel & Kallivayalil 2014) .
In addition to the unbound population of HVSs, all the ejection mechanisms mentioned above predict also a population of bound HVSs (BHVSs): stars sharing the same formation scenario as HVSs, but with an ejection velocity which is not sufficiently high to escape from the whole Milky Way (e.g. Bromley et al. 2006) . Most of the deceleration occurs in the inner few kpc due to the bulge potential (Kenyon et al. 2008) , and the minimum velocity necessary at ejection to be unbound is of the order of ∼ 800 km s −1 (a precise value depends on the choice of the Galactic potential, Brown 2015; Rossi et al. 2017 ). If we consider the Hills mechanism , this population of bound stars is expected to be dominant over the sample of HVSs (Rossi et al. 2014; Marchetti et al. 2018) .
At the moment, the fastest star discovered in our Galaxy is US 708, traveling away from the Milky Way with a total velocity ∼ 1200 km s −1 (Hirsch et al. 2005 ). Its orbit is not consistent with coming from the GC , and the most likely mechanism responsible for its acceleration is the explosion of a thermonuclear supernova in an ultra-compact binary in the Galactic disk (Geier et al. 2015) .
The second data release (DR2) of the European Space Agency satellite Gaia (Gaia Collaboration et al. 2016 Collaboration et al. , 2018a gives us the first opportunity to look for extremely high velocity stars in our Milky Way, using an unprecedented sample of precisely and accurately measured sources. On 2018 April 25, Gaia provided positions (α, δ), parallaxes and proper motions (µ α * , µ δ ) for more than 1.3 billion of stars, and, notably, radial velocities v rad for a subset of 7224631 stars brighter than the 12th magnitude in the Gaia Radial Velocity Spectrograph (RVS) passband (Cropper et al. 2018; Katz et al. 2018) . Radial velocities are included in the Gaia catalogue for stars with an effective temperature T eff from 3550 to 6990 K, and have typical uncertainties of the order of few hundreds of m s −1 at the bright end of the magnitude distribution (Gaia G band magnitude ≈ 4), and of a few km s −1 at the faint end (G ≈ 13).
Using Gaia DR2 data, Boubert et al. (2018) show that almost all the previously discovered late-type HVS candidates are most likely bound to the Galaxy, and their total velocity was previously overestimated because of inaccurate parallaxes and/or proper motions. Only one late-type star, LAMOST J115209.12+120258.0 (Li et al. 2015) , is most likely unbound, but the Hills mechanisms is ruled out as a possible explanation of its extremely high velocity. The majority of B-type HVSs from are still found to be consistent with coming from the GC when using Gaia DR2 proper motions (Erkal et al. 2018) .
In this paper we search for the fastest stars in the Milky Way, within the sample of ∼ 7 million stars with a six-dimensional phase space measurement in Gaia DR2. Since the origin of high velocity stars in our Galaxy is still a puzzling open question, we simply construct the total velocity distribution in the Galactic rest-frame in order to identify and characterize the high velocity tail. In doing so, we do not bias our search towards any specific class of high velocity stars.
This manuscript is organized as follows. In Section 2, we explain how we determine distances and total velocities in the Galactic rest frame for the whole sample of stars. We presents results in terms of stellar total velocity in Section 3. In Section 4, we focus on the high velocity stars in the sample, and then in Section 5 we concentrate on the stars with a probability greater than 50% of being unbound from the Galaxy, discussing individually the most interesting candidates. Finally, we conclude and discuss our results and findings in Section 6.
DISTANCE AND TOTAL VELOCITY DETERMINATION
The Gaia catalogue provides parallaxes, and thus a conversion to a distance is required to convert the apparent motion of an object on the celestial sphere to a physical motion in space, that is needed to determine the total velocity of a star. Bailer-Jones (2015) discusses in details how this operation is not trivial when the relative error in parallax, f ≡ σ / , is either above 20% or it is negative. We therefore separate the discussion on how we determine distances and total velocities of stars with 0 < f ≤ 0.2 (the "low-f sample") and of those with either f > 0.2 or f < 0 (the "high-f sample"). There are 7183262 stars with both radial velocity and the astrometric parameters (parallax and proper motions) in Gaia DR2, therefore in the following we will focus on this subsample of stars. 
and with covariance matrix:
where ρ(i, j) denotes the correlation coefficient between the astrometric parameters i and j, and it is provided in the Gaia DR2 catalogue. Radial velocities are uncorrelated to the astrometric parameters, and we assume them to follow a Gaussian distribution centered on v rad , and with standard deviation σ v rad . We then draw 500 Monte Carlo (MC) realizations of each star's observed astrometric parameters, and we simply compute distances by inverting parallaxes. Total velocities in the Galactic rest frame are computed correcting radial velocities and proper motions for the solar and the local standard of rest (LSR) motion (Schönrich 2012) . In doing so, we assume that the distance between the Sun and the GC is d = 8.2 kpc, and that the Sun has an height above the stellar disk of z = 25 pc (Bland-Hawthorn & Gerhard 2016). We assume a rotation velocity at the Sun position v LSR = 238 km s −1 and a Sun's orbital velocity vector 14.0, 12.24, 7 .25] km s −1 (Schönrich et al. 2010; Schönrich 2012; Bland-Hawthorn & Gerhard 2016) . We then derive Galactic rectangular velocities (U, V, W) adopting the following convention: U is positive when pointing in the direction of the GC, V is positive along the direction of the Sun rotation around the Galaxy, and W is positive when pointing towards the North Galactic Pole (Johnson & Soderblom 1987) . Starting from the MC samples on proper motions, distances, and radial velocities, we then compute total velocities in the Galactic rest frame v GC = v GC (α, δ, µ α * , µ δ , d, v rad ) summing in quadrature the three velocity components (U, V, W).
Finally, for each star we compute the probability P ub of being unbound from the Galaxy as the fraction of MC realizations which result in a total velocity v GC greater than the escape speed from the MW at that given position. We make use of the median escape speed from Williams et al. (2017) , which is measured across a range of ∼ 40 kpc in Galactocentric distances using a variety of tracers extracted from the Sloan Digital Sky Survey (SDSS, Ahn et al. 2012 ).
The "high-f Sample"
A more careful analysis is required for 806459 stars with either f > 0.2 or with a negative measured parallax. For these stars, we follow the approach outlined in Bailer-Jones (2015); Astraatmadja & Bailer-Jones (2016a,b) ; Luri et al. (2018) . We use a full Bayesian analysis to determine the posterior probability P(d| , σ ) of observing a star at a distance d, given the measured parallax and its Gaussian uncertainty σ . The authors show how the choice of the prior probability on distance P(d) can seriously affect the shape of the posterior distribution, and therefore lead to significantly different values for the total velocity of a star. We decide to adopt an exponentially decreasing prior:
which has been shown to perform best for stars further out than ∼ 2 kpc (Astraatmadja & Bailer-Jones 2016b) , that is the expected distance of stars with a large relative error on parallax (see Appendix A). The value of the scale length parameter L is fixed to 2600 pc, and we refer the reader to the discussion in Appendix A for the reasons behind our choice of this particular value. By means of Bayes' theorem we can then express the posterior distribution on distances as:
where the likelihood probability P( |d, σ ) is a Gaussian distribution centered on 1/d:
In our case, we decide to fully include the covariance matrix between the astrometric properties, following the approach introduced in Marchetti et al. (2017) . In this case, for each star the likelihood probability is a three dimensional multivariate Gaussian distribution with mean vector:
and covariance matrix given by equation (2). The prior distribution on distance is given by equation (3), and we assume uniform priors on proper motions. We then draw proper motions and distances from the resulting posterior distribution using the affine invariant ensemble Markov chain Monte Carlo (MCMC) sampler EMCEE (Goodman & Weare 2010; Foreman-Mackey et al. 2013) . We run each chain using 32 walkers and 100 steps, for a total of 3200 random samples drawn from the posterior distribution. We initialize the walkers to random positions around the mean value of the proper motions and of the inverse of the mode of the posterior distribution in distance, equation (4), to achieve a fast convergence of the chain. We then directly use this MC sampling to derive a distribution for the total velocity in the Galactic rest frame of each star, assuming the same parameters for the Sun presented in Section 2.1. We check for the mean acceptance fraction as a test for the convergence of each MC chain.
THE TOTAL VELOCITY DISTRIBUTION OF STARS IN Gaia DR2
Using the approach discussed in Section 2, we publish a catalogue with distances and velocities in the Galactocentric frame for all the 7183262 stars analyzed in this paper. This is publicly available at http://home.strw.leidenuniv.nl/ marchetti/research.html. A full description of the catalogue content can be found in Appendix B.
In order to filter out the more uncertain candidates, for which it would be difficult to constrain the origin, we will now only discuss and plot results for stars with a relative error on total velocity σ v GC /v GC < 0.2, where σ v GC is estimated summing in quadrature the lower and upper uncertainty on v GC . This cut results into a total of 6763506 stars, ∼ 94% of the original sample of stars. Figure  1 shows the total velocity distribution of the median Galactic rest frame total velocity v GC for the original sample of 7183262 stars Histogram of median total velocities in the Galactic rest frame for all the ∼ 7 million stars with three-dimensional velocity by Gaia DR2 (black). The red line corresponds to those stars with a relative error on total velocity in the Galactic rest-frame below 20%, while the blue line refers to our "clean" sample of high velocity stars (see discussion in Section 4).
(black line) and for the stars with a relative error on total velocity below 20% (red line). We can see how this cut filters out most of the stars with extremely high velocities, which are likely to be outliers with unreliable measurements by Gaia . Nevertheless we note the presence of a high velocity tail extending up to ∼ 1000 km s −1 surviving the cut. We will now focus only on stars with
To highlight visually possibly unbound objects, we plot in Figure 2 the total velocity for all stars as a function of the Galactocentric distance r GC , and we overplot the median escape speed from the Galaxy with a green dashed line (Williams et al. 2017) . Datapoints correspond to the median of the distributions, with lower and upper uncertainties derived, respectively, from the 16th and 84th percentiles. Most of the stars are located in the solar neighborhood, and have typical velocities of the order of the LSR velocity. We find 173 stars to have probabilities greater than 50% of being unbound from the Galaxy (but note the large errorbars). In particular, 131 (113) stars are more than 1-σ (3-σ) away from the Galactic escape speed. Figure 3 shows the Toomre diagram for all the ∼ 7 million stars, a plot that is useful to distinguish stellar populations based on their kinematics. On the x-axis we plot the component V of the Galactocentric Cartesian velocity, and on the y-axis the component orthogonal to it, √ U 2 + W 2 . Not surprisingly, most of the stars behave kinematically as disk stars on rotation-supported orbits, with V values around the Sun's orbital velocity (see Gaia Collaboration et al. 2018b) . A sub-dominant, more diffuse, population of stars with halo-like kinematics is also present, centered around V = 0 and with a larger spread in total velocity.
HIGH VELOCITY STARS IN Gaia DR2
We now focus our interest towards high velocity stars, which we define as stars with a median v GC > 450 km s −1 . Since we are interested in kinematic outliers, we have to pay particular attention not to be contaminated by data processing artifacts and spurious measurements. We therefore choose to adopt the following conservative cuts on the columns of the Gaia DR2 GAIA_SOURCE catalogue (in addition to the selection σ v GC /v GC < 0.2 introduced in Section 3):
The first cut ensures that statistic astrometric model resulted in a good fit to the data, while the second cut selects only astrometrically well-behaved sources (refer to Lindegren et al. 2012 , for a detailed explanation of the excess noise and its significance). The third and the fourth cuts are useful to exclude stars with parallaxes more vulnerable to errors. Finally, the final selection ensures that each source was observed at least for a reasonable amount of times (5) by Gaia to determine its radial velocity. Details on the parameters used to filter out possible contaminants can be found in the Gaia data model 1 . Applying these cuts and with the further constrain on the median v GC > 450 km s −1 , we are left with a clean final sample of 165 high velocity stars. We also verify that the quality cuts C.1 and C.2 introduced in Appendix C of Lindegren et al. (2018) , designed to select astrometrically clean subsets of objects, are already verified by our sample of high velocity stars. In addition, selection N in Appendix C of Lindegren et al. (2018) does not select any of our candidates. Looking at Fig. 2 we can see how these cuts filter out most of the stars with exceptionally high velocities, which are therefore likely to be instrumental artifacts.
The spatial distribution of these 165 high velocity stars in our Galaxy is shown in Fig. 4 , where we overplot the position on the Galactic plane of this subset of stars with a blue colormap above the underlying distribution of the ∼ 7 million stars used in this paper. We can see how the majority of high velocity stars lies in the inner region of the Galaxy, with typical distances 10 kpc from the GC. This is due to two main factors. First, stars in the inner regions of the Milky Way have higher dispersion velocities as a result of the higher value of the Galactic escape speed. Secondly, most of these stars are on the faint end of the magnitude distribution because of extinction due to dust in the direction of the GC, and thus they have large relative errors on parallax. This in turn translates into larger uncertainties on total velocity, which may cause the stars to be included into our high velocity cut. Another small overdensity lies in correspondence of the Sun position, correlating with the underlying distribution of all the stars. In Fig. 5 , we plot the same but in the (x GC , z GC ) plane. Most of our high velocity stars lie away from the stellar disc. Fig. 6 shows the position in Galactocentric cylindrical coordinates of the high velocity star candidates only. Most of them are concentrated in the inner region of the Galaxy, but a diffuse population identifiable with the inner stellar halo is observed at large Galactic latitudes. Arrows are proportional to the total velocity of each star in the Galactic rest-frame. Fig. 7 shows the Hertzsprung-Russell (HR) diagram for all the sources with a radial velocity measurement, with the high velocity star sample overplotted in blue. On the x-axis we plot the color index in the Gaia Blue Pass (BP) and Red Pass (RP) bands G BP − G RP , while on the y-axis we plot the absolute magnitude in Figure 2 . Total velocity in the Galactic rest-frame v GC as a function of Galactocentric distance r GC for all the 6869707 stars in Gaia DR2 with relative error on total velocity < 0.2. Colour is proportional to the logarithmic number density of stars. The green dashed line is the median posterior escape speed from the Galaxy from (Williams et al. 2017) . We overplot in blue the "clean" high velocity star sample introduced in Section 4. Circles and triangles correspond, respectively, to HRS and HVS candidates discussed in Section 5, colored in yellow (red) if P MW > 0.5 (P MW < 0.5). the Gaia G band M G , computed assuming the median of the posterior distance distribution. We can see that the great majority of our stars are giants stars. Note that we did not consider extinction to construct the HR diagram, because of the caveats with using the line-of-sight extinction in the G band A G for individual sources (Andrae et al. 2018 ).
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Orbital Integration
In order to get hints on the ejection location of our sample of high velocity stars, we perform numerical orbit integration of their trajectories back in time using the python package GALA (Price- Whelan 2017). For each star we use 1000 random samples from the proper motions, distance, and radial velocity MC sampling discussed in Section 2. We integrate each orbit back in time for a total time of 1 Gyr, with a fixed time-step of 0.1 Myr, using the GALA potential MilkyWayPotential. This is a four components Galactic potential model consisting of a Hernquist bulge and nucleus (Hernquist 1990), a Miyamoto-Nagai disk (Miyamoto & Nagai 1975) , and a Navarro-Frenk-White halo (Navarro et al. 1996) . The parameters are chosen to fit the enclosed mass profile of the Milky Way (Bovy 2015) . We then derive the pericenter distance and, for bound MC realizations, the apocenter distance and the eccentricity of the orbit. We also record the energy and the angular momentum of each MC orbit. We check for energy conservation as a test of the accuracy of the numerical integration.
In Fig. 8 , we plot the maximum height above the Galactic disk Z max as a function of the eccentricity of the orbit for our sample of high velocity stars. This plot is useful to identify similar stars based on their orbits (e.g. Boeche et al. 2013; Hawkins et al. 2015) . The dashed red line at Z max = 3 kpc denotes the typical scale height of the thick disk (Carollo et al. 2010) . Not surprisingly, high velocity stars are on highly eccentric orbits, with a mean eccentricity of the sample ∼ 0.9. Most of these stars span a large range of Z max , with values up to hundreds of kpc, reflecting the large amplitude of the vertical oscillations.
In our search for HVSs, we keep track of each disk crossing (Cartesian Galactocentric coordinate z GC = 0) in the orbital traceback of our high velocity star sample. For each MC realization, we then define the crossing radius r c as:
where x c and y c are the Galactocentric coordinates of the orbit (x GC , y GC ) at the instant when z GC = 0. In the case of multiple disk crossings during the orbital trace-back, we define r min as the minimum crossing radius attained in that particular MC realization of the star's orbit. This approach allows us to check for the consistency of the GC origin hypothesis for our sample of high velocity stars. We also record the ejection velocity v ej : the velocity of the star at the minimum crossing radius, and the flight time t f : the time needed to travel from the observed position to the disc crossing happening closest to the GC.
In Fig. 9 , we plot r min as a function of the orbital energy E. The red dashed line coincides with the separation region between bound and unbound orbits 2 . We can see how the majority of stars 2 Rigorously, this definition for unbound stars is not consistent with the probability of being unbound P ub introduced in Section 2.1. In fact the latter follows directly from the Galactic escape speed inferred from data, while the condition on the energy depends on the adopted Galactic potential model. Nevertheless, we check that the escape speed resulting from the chosen potential falls within the 68 per cent credible interval of the one in presented in Williams et al. (2017) for Galactocentric distances 1 kpc.
are traveling on bound orbits (E < 0), but we can see a few stars with remarkably high values of the energy.
UNBOUND STARS: HYPERVELOCITY AND HYPER RUNAWAY STAR CANDIDATES
We now focus our search to possible unbound stars, defined as the subsample of clean high velocity stars with P ub > 50%. This amounts to a total of 28 objects. Observed properties from Gaia DR2, distances, and total velocities for these stars are summarized in Table 1 . If a star on an unbound orbit was ejected either from the stellar disk (HRS) or from the GC (HVS), then its distribution of minimum crossing radii r min should fall within the edge of the Milky Way disk. To maximize the probability of a disk crossing during the orbital traceback, we integrate the orbits of these stars for a maximum time of 5 Gyr. We then define the probability P MW for a star to come from the Milky Way as the fraction of MC realizations resulting in r min < 16 kpc. This probability is useful to flag candidates of possible extragalactic origin, which we define as those stars with P MW < 0.5. This subset of 16 stars, if their high velocity is confirmed, could either originate as RS/HRS/HVS from the LMC (Boubert & Evans 2016; Boubert et al. 2017; Erkal et al. 2018 ), or could be the result of the tidal disruption of a dwarf galaxy interacting with the Milky Way (Abadi et al. 2009 ).
We then classify a star as a HVS (HRS) candidate if we cannot (can) exclude the hypothesis of GC origin, which we define by the condition r min − σ r min,l < 1 kpc (r min − σ r min,l > 1 kpc), where r min denotes the median of the distribution, and σ r min,l is the lower uncertainty on the minimum crossing radius. In this way we are testing whether, within its errorbars, a star is consistent with coming from the central region of the Galaxy. Figure 10 shows the histogram of the median minimum disk crossing r min minus the lower uncertainty σ r min,l for all the 28 stars with P ub > 0.5. A vertical red dashed line corresponds to the value 1 kpc, which we use to define HVS candidates.
Hypervelocity Star Candidates
According to our classification criterion, there are 5 stars classified as HVS candidates (triangles in Fig. 2 and following plots) . Their properties are summarized in Table 1 . Typical velocities for these stars are above 500 km s −1 , with a maximum value ∼ 590 km s −1 . We note that 2 of these stars have low probabilities of being ejected from the Milky Way, because the great majority of the MC realizations resulted in no disk crossings. A further careful analysis is needed in order to identify their ejection location, since the Hills mechanism most likely is not the one responsible for their high velocity.
The number of HVS candidates and their spatial distribution are consistent with predictions from Marchetti et al. (2018) . The majority of these stars are concentrated in the central region of the Milky Way, with marginally unbound velocities.
Hyper-Runaway Star Candidates
We find a total of 23 stars whose orbit, when integrated back in time, is not consistent with coming from the GC. These stars are HRS candidates (circles in Fig. 2 and following plots) . 14 of these stars have probabilities < 50% of intersecting the Milky Way stellar disk when traced back in time, therefore an extra-Galactic origin is Figure 6 . Position of the 438 high velocity stars in Galactocentric cylindrical coordinates (R GC , z GC ). Arrows point to the direction of the velocity vector of the stars in this coordinate system, and the arrows' length is proportional to the total velocity of the star in the Galactic rest-frame. Colour is the same as in Fig. 2 . The Sun is located at (R GC , z GC ) = (8200, 25) pc. . HR diagram for all the ∼ 7 million stars in Gaia DR2 with a radial velocity measurement. Colours are the same as in Fig. 2. preferred. The most likely ejection location could be the LMC, or otherwise spatial correlations with the density of surrounding stars could help identifying them as the high velocity tail of a stellar stream produced by the effect of the gravitational field of the Milky Way on a dwarf satellite galaxy.
Two particular HRS candidates that are worth mentioning are Gaia DR2 5932173855446728064 and Gaia DR2 5935868592404029184. The first star has an exceptionally well The yellow horizontal dashed line corresponds to Z max = 3 kpc, the edge of the thick disk (Carollo et al. 2010) . Colours are the same as in Fig. 2. constrained total velocities, v GC = 747 +2 −3 km s −1 , which results in a probability of being unbound ≈ 1. Notably, this star most likely does not originate in the Milky Way. The second source has a total velocity v GC = 755 +118 −94
, resulting in a probability P ub = 0.98. We note that such exceptionally high velocities are thought to be very uncommon in our Galaxy for HRSs, which are predicted to be much rarer than HVSs (Brown 2015) . Counts Figure 10 . Histogram of the median minimum crossing radius r min minus the correspondent lower uncertainty σ r min,l for the sample of 28 high velocity stars with P ub > 0.5. The vertical dashed line corresponds to (r min − σ r min,l ) = 1 kpc, our boundary condition for not rejecting the GC origin hypothesis for the HVS candidates (see discussion in Section 5).
CONCLUSIONS
We derived distance and total velocities for all the 7183262 stars with a full phase space measurement in the Gaia DR2 catalogue, in order to find unbound objects and velocity outliers. We defined our sample of high velocity stars as those stars with a median total velocity in the Galactic rest frame > 450 km s −1 , resulting in a total of 165 stars with reliable astrometric parameters and radial velocities. We traced back the high velocity stars in the Galactic potential to derive orbital parameters. Out of the 165 stars, we found the following.
(i) 28 stars have predicted probabilities P ub higher than 50% of being unbound from the Milky Way. The observed and derived kinematic properties of these stars are summarized in Table 1 .
(ii) 5 stars have orbits consistent with coming from the GC, and are therefore classified as HVS candidates. The typical velocities are between 500 km s −1 and 600 km s −1 .
(iii) 23 stars, when traced back in time in the Galactic potential, originate from the stellar disk of the Milky Way. These stars are HRS candidates.
(iv) There is an indication that 2 out of the 5 HVS candidates might not originate from the GC, since the fraction of orbits crossing the Milky disk near the massive black hole is lower than 40%. In addition, 14 out of the 23 HRS candidates also have probabilities < 50% to originate from the stellar disc of the Galaxy. This surprising and unexpected population of stars could be either produced as RSs/HRSs/HVSs from the LMC, thanks to its high orbital velocity around the Milky Way, or could be members of dwarf galaxies tidally disrupted by the gravitational interaction with the Galaxy. Further analyses are required in order to identify their origin. This paper is just a first proof of the exciting discoveries that can be made mining the Gaia DR2 catalogue. We only limited our search to the ∼ 7 million stars with a full phase space information, a small catalogue compared to the full 1.3 billion sources with proper motions and parallaxes. Synergies with existing and upcoming ground-based spectroscopic surveys will be essential to obtain radial velocities and stellar spectra for subsets of these stars (e.g. Dalton 2016; de Jong et al. 2016; Kunder et al. 2017; Martell et al. 2017) . For what concerns HVSs, Marchetti et al. (2018) shows how the majority of HVSs expected to be found in the Gaia catalogue are actually fainter than the limiting magnitude for radial velocities in DR2. We therefore did not expect to discover the bulk of the HVS population with the method outlined in this paper, but other data mining techniques need to be implemented in order to identify them among the dominant background of bound, low velocity stars (see for example Marchetti et al. 2017) . We also show how particular attention needs to be paid to efficiently filter out contaminants and instrumental artifacts, which might mimic high velocity stars at a first inspection. Table 1 . Observed and derived properties for the 28 "clean" high velocity star candidates with a probability > 50% of being unbound from the Galaxy. Table B1 . Catalogue description. Derived distances and velocities correspond to the median of the distribution, and lower and upper uncertainties are derived, respectively, from the 16th and 84th percentiles of the distribution function. Entries labelled 1 are derived in this paper, while entries labelled 2 are taken from the Gaia DR2 catalogue (Gaia Collaboration et al. 2018a ).
